The accumulation of deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and protein was followed in cultures of Escherichia coli B/r during exponential growth in different media and for 2 h after a nutritional shift-up from succinate minimal medium (growth rate [,uj = 0.67 doublings per h) to glucose plus amino acids medium (A2 = 3.14 doublings per h). During postshift growth of the culture, the amounts of RNA (R), DNA (D), and protein (P) increased such that the ratios of the increments (AR/AP; AD/AP) were constants (k,, k2). This implies that the rates of accumulation of nucleic acids and protein form timeinvariant ratios; i.e., (dR/dt):(dD/dt):(dP/dt) = k1:k2:1. These constants change from their preshift value to their final postshift value (i.e., k, and k2) within a few minutes after the shift. kX is a function of the activity of ribosomes, whereas k2 is related to the initiation of rounds of DNA replication. These parameters and the observed change in the doubling time of RNA (= p2/,UI) were used to derive kinetic equations that describe the accumulation of DNA, RNA, protein, and cell mass during the 2-to 3-h transition period after a shift-up. The calculated kinetics agree closely with the observed kinetics.
The synthesis of nucleic acids and protein in bacteria growing exponentially at different rates or after a nutritional shift-up has been studied by numerous workers (e.g.,X references 11-13, 20, 21, 24-27, 30, 31) . The purpose of the current investigation was to clarify two controversial questions.
(i) Does the protein synthesis rate per ribosome change after a shift-up? Earlier studies indicated that the ribosomal efficiency is constant and independent of growth rate (21, 31) , whereas recent studies suggested an increase with growth rate (12) . An increased activity per ribosome after a shift-up suggests a reduced idling ofribosomes and, thus, a reduced synthesis of guanosine tetraphosphate (14) ; this compound determines the initial response of bacteria to a nutritional shift-up (18, 28, 33) .
(ii) Does the synthesis rate of stable ribonucleic acid (RNA) per genome increase immediately after a shift-up to its final postshift value?
Earlier, Maaloe and Kjeldgaard concluded (page 102 of reference 20): "Thus, irrespective of the pre-shift rate of synthesis, the number of RNA units produced per second and per genome can be raised with no apparent lag to a value in the neighborhood of the definitive value in the broth culture." More recently, we inferred that the rate of RNA synthesis per genome requires several hours to reach its final postshift value (4) . A fast increase in this value would require that a shift-up activate an inactive reserve of RNA polymerase (21) , whereas a slower increase over several hours can be accounted for by a redistribution of RNA polymerase over ribosomal RNA (rRNA), transfer RNA (tRNA), and messenger RNA (mRNA) genes combined with an increased synthesis of RNA polymerase during postshift growth (3, 4) .
Both questions can be answered by observing the accumulation of deoxyribonucleic acid (DNA), RNA, and protein after a shift-up. Previously, we followed only RNA and protein for about 30 min after the shift (11, 12) . Since a theoretical analysis (4) indicated a long duration for the transition between two steady states of balanced growth, we have here extended the period of observation to 2 h and included DNA in our study. The results show that the ribosome efficiency increases and that the rate of RNA synthesis per genome requires several hours to reach its definitive value after the shift.
ml. Experimental cultures were inoculated by at least a 300-fold dilution of a fresh overnight culture containing the same nutritional supplements as the experimental culture. Growth was measured as the increase in the concentration of cell mass (absorbance at 460 nm [A4N]; see below). The doubling times of the bacteria growing in the described media are listed in Table 1 (,t = doublings per hour).
After a nutritional shift-up, the cells were diluted twice about twofold during postshift growth to prevent the cultures from entering stationary phase (Fig. 3) . Control experiments (not illustrated) had indicated that a twofold dilution with prewarmed, pre-aerated medium at an A4.0 of about 0.6 does not cause a measurable lag in the accumulation of mass, nucleic acids, or protein. The exact dilution factors were determined by extrapolation of the curve log mass (A460) versus time ( Fig. 3 , squares). Using these dilution factors, the postshift kinetics of mass increase were then constructed for a culture thought to be undiluted ( Fig. 3 , triangles; Table 2 ). Determination of cell mass, DNA, RNA, and protein. Cell mass is determined as absorption of light at 460 nm by the culture (1-cm light path); the sum of the weights of protein, DNA, and RNA is proportional to the A460 ( Table 1 ). The reproducibility of each assay was generally better than 5% (see duplicate samples in Table 1) .
To measure DNA, the method of Meijs and Schilperoort (23) was modified: cells in 10-ml samples of culture were precipitated with 2 ml of cold 3 M trichloroacetic acid at 0°C, filtered through glassfiber filters (Reeve Angel, 984 H), washed three times with cold tap water, dried, and placed in scintillation vials. The filters were incubated in 1.0 ml of 1.6 M HC104 at 70°C for 30 min. After cooling to room temperature, 2.0 ml of diphenylamine reagent was added (modified from Burton [6] For RNA and protein determination, 5-ml samples of culture were precipitated with 1 ml of 3 M trichloroacetic acid at 0°C. The acid-insoluble material (within whole cells) was collected on a glassfiber filter (same as for DNA) and washed three times with cold tap water. The dried filters were placed in vials containing 2.0 ml of 0.2 N NaOH and kept at 23°C for about 18 h. Then, 0.5 ml of the alkaline extract was removed for the determination of protein (see below). Nucleotides from RNA hydrolysis in the remaining 1.5 ml were separated from alkali-resistant material after addition of 2.25 ml of 0.5 M perchloric acid at 0°C (we now routinely use 1.5 ml to increase the final absorbance 1.25-fold) by filtration through a nitrocellulose filter (0.45-,utm pore size). The absorbance of the filtrate was measured at 260 nm (1-cm light path). From the mole fractions and the extinction coefficients (at acidic pH) ofthe different nucleotides inE. coli (ribosomal) RNA, it is calculated that, under our conditions, an Am.0 of 1.0 corresponds to 5.4 x 1016 RNA nucleotides or 3.26 ug of RNA per ml of culture.
Protein was measured by the method of Lowry et al. (19) , adapted to our purposes: 0.5 ml of the alkaline cell extract (see above), 2. (12, 13, 20, 21, 24, (29) (30) (31) . The RNA/ wcose + amino acids medium (0, U). protein ratio approaches proportionality with (4) , based on observations with E. coli B/r during 30 min after a shift-up (11) , suggested that the postshift transition period actually lasts for several hours. It was desirable, therefore, to extend the period of observation after the shift. This creates an experimental difficulty: to prevent the culture from approaching stationary phase during postshift growth, one could start with a very dilute culture. But then it would be difficult to follow the initial culture growth by turbidity measurements; besides, one would have to use radioactive labeling methods to measure synthesis rates, and the interpretation of such data is ambiguous, owing to pool and uptake effects, particularly after a shift-up. To circumvent these difficulties, we have used colorimetric assays at higher cell densities, which made it necessary to dilute the culture periodically during postshift growth. Control experiments had shown that macromolecular synthesis rates are not affected by this dilution.
The cell mass (A4.) and the amounts of DNA, RNA, and protein (per unit of culture volume) were measured for 2 h after a shift-up from succinate to glucose plus amino acids medium. The postshift kinetics of mass increase in an undiluted culture were constructed from the observed A4, in the diluted culture as described in Materials and Methods (Fig. 3) . These kinetics were then used to determine the postshift accumulation of DNA, RNA, and protein ( Table Fig. 6a ), the slope would be equal to unity. Furthermore, the slopes k1 and k2 are equal to the change in the ratio of the accumulation rates (dR/dt)/(dP/dt) and (dD/dt)/(dP/dt) (see Appendix).
The postshift accumulation of RNA and protein was calculated (Fig. 7 , two middle curves) using k, from reference 13 and the theoretical equations derived previously (4) . From the relationship between DNA and protein synthesis in Fig. 6 , the postshift accumulation of DNA can now also be calculated (Fig. 7 , lower curve). Furthermore, by summing the amounts (weights) of protein, RNA, and DNA, a measure for the cell mass is obtained ( Fig. 3 ; experiment 3 of Table 1 ).
time or in the proportions of RNA to DNA to protein or in both ( Fig. 1 and 2 ). The theoretical accumulation curves shown in Fig. 7 were drawn, using average values of the growth parameters measured during exponential growth in succinate or glucose plus amino acids medium, respectively (from reference 13). Differentiation of the equations with these parameters gives the rate kinetics shown in Fig. 8a (see Appendix for details).
Using the parameters from the particular shift-up in Fig. 5 (k 1 and k2 from Fig. 6 , preshift doubling time from mass increase in Fig. 3 , and Table 2 , based on the data in Fig. 3 (ii) Graphic differentiation. In Fig. 5a , the curves for the accumulation of nucleic acids and protein after a shift-up were marked in 10-min intervals. The vertical distances between these marks are a measure for the rate of accumulation at the time of the interval midpoints. These rate values were normalized by setting the preshift rate equal to unity (slope of dashed line in Fig. 5a = In2/81 min = 0.0086/min; preshift doubling time was 81 min). In Fig. 8b (dashed curves), these normalized rate values are plotted (in semilog manner) together with the theoretical curves. The main differences are found for the DNA curve. The integrals over the theoretical and the graphic rate curves are so similar (less than 5% deviation) that they cannot be easily distinguished experimentally (Fig. 5b: no apparent deviation) .
Postshift changes in genome activity. When the rates of RNA and protein accumulation (per milliliter of culture volume) from Fig. 8 are divided by the amount of DNA (in genome equivalents per milliliter of culture volume), one obtains the "rates per genome" (Fig. 9) . These rates approach the new steady-state values in a biphasic manner during a transition period, which lasts for several hours. The RNA kinetics show that, on the average, the genome (template) activity of the bacterial DNA increases during the transition period. This also indicates that the apparently simple postshift RNA curve of Fig. 5b is actually more complex. We have previously (3, 4) inferred that the increasing genome activity during the postshift transition reflects an increasing number of functioning RNA polymerase molecules per genome. Presumably, this increase involves a regulation of RNA polymerase synthesis induced by the shift-up (see Discussion).
Changes in ribosome function after a shiftup. The kinetics of the rate of protein synthesis (from Fig. 8b ) and the kinetics of the accumulation of RNA (from Fig. 5 ) were plotted together in semilog manner (Fig. 10) . The vertical distance between these curves corresponds to the protein synthesis rate per amount of RNA. Since the amount of RNA in a culture is a measure for the number of ribosomes (about 85% of the stable RNA is rRNA; see Discussion in reference 13), the vertical distance between the curves in Fig. 10 is also a measure of the protein synthesis rate per average ribosome (= ribosome efficiency; see equation 2, Appendix). Figure 10 indicates that in the experiment of Fig. 5 the ribosomal efficiency increased 25% immediately after the shift-up and then remained constant at the higher level. On the average, this increase is 40% (Fig. 8a , initial step in protein curve).
The ribosome efficiency is (by definition) the product of two factors: the peptide chain elongation rate (= rate of protein synthesis per functioning ribosome) and the fraction of total ribosomes that is functioning. Measurements of the synthesis time of 8-galactosidase in E. coli B/r growing in succinate or glucose + amino acids medium (9) suggest that the increase in the ribosome efficiency observed here after a shiftup results mostly from an increase in the peptide chain elongation rate. Although this increase is small (i.e., 20 to 40% for a threefold increase in the growth rate), it may be very significant for the regulation of the bacterial growth rate; it implies a reduced "idling" of ribosomes on mRNA and, thus, a reduced synthesis of guanosine tetraphosphate (14) ; this nucleotide is assumed to regulate the synthesis of rRNA and tRNA (18, 28, 33) . A small increase in aminoacylation of tRNA (e.g., from 80 to 90%) can mean a large change in the concentration of uncharged tRNA (e.g., a twofold reduction from 20 (4, 13) . These absolute amounts were here measured directly, but previously they were obtained indirectly from the ratios above and from the calculated value of DNA/mass. That calculation was based on the theoretical number of genome equivalents per cell as a function of growth rate (8) Fig. 5a ; (---) preshift slope.
tides per E. cod chromosome (E. coli chromosome = 1,100 to 1,400 ,um [7] ; number of base pairs per micrometer of DNA = 2,960 [1] Fig. 7 . RNA, protein, and DNA curves were obtained as quotients of equations 7a and 5c, 8a and 5c, or 9a and 5c, respectively, and converted to absolute values as determined in the Appendix.
predicted from the changes observed immediately after the shift-up, i.e., from the parameters k, and k2 (= slopes of the curves in Fig. 6a ).
This means the final steady-state composition is determined many generations before it is reached. The reason for this predictable behavior is the constancy during postshift growth of k, and k2. The constancy of k1 indicates a constant protein synthesis rate per average ribosome (Results and Fig. 10) (= e,d . Calculated kinetics of the accumulation of RNA (R, -----) and of the protein synthesis rate (dP/dt, -), using the parameters from the experiment in Fig. 5 (equations Ic and 8b, Appendix). The quotient of these equations (= vertical distance between the curves) is assumed to be a measure for the protein synthesis rate per average ribosome (= ribosome effwciency, er; bottom curve). Symbols: (0) Amount of RNA from Table 2 , (0) protein synthesis rate from Fig. 8b . The results suggest an initial "overshoot" in the protein synthesis rate per average ribosome during the first 20 min after the shift ( ). lated to k, and k2, change in a stepwise fashion shortly after the shift.
Postshift changes in the macromolecular synthesis rates. In the semilog plot of Fig. 5b , the kinetics describing the postshift accumulation of RNA are linear, whereas the kinetics of accumulation of protein and DNA are curves. It is surprising, therefore, that a plot of one relative to the other, e.g., RNA versus protein or DNA versus protein (as in Fig. 6a) , gives linear relationships. The reason for this latter linearity is a property of the postshift protein and DNA accumulation curves that is not obvious from Fig. 5b : although these curves are nonexponential, they share with exponential functions (i.e., the RNA curve) an exponentially increasing slope (Fig. 8 , same rate constant); this means that the curves are the sum of a constant plus an exponential term, which generates the linear relationships in Fig. 6 .
The constant (and parallel) slopes in the rate kinetics of Fig. 8 do not mean that the rates of accumulation of nucleic acids and proteins become constant immediately after the shift-up. (Fig. 1) and previously by other methods involving radioactive labeling (13) .
" Protein, RNA, and DNA per mass in relative units from Fig. 1 . The ratios in the lower three rows were formed from the per-mass values; they are also illustrated in Fig. 2 . Table 2 of reference 13, but using a value of 109 (32) for the molecular weight of the average E. coli amino acid residue (instead of 118) and a value of 8.2 x 106 DNA nucleotides per genome (2) instead of 7.6 x 106.
Rather, the relative increments in the rates per unit of culture volume per unit of time (second derivatives of the amount kinetics in Fig. 5 Although the accumulation of RNA follows a sample exponential function (in contrast to the more complex protein and DNA curves), it must have complex causes. The initial stepwise increase in the rate of RNA synthesis (see RNA curves in Fig. 8 and 9 ) determines the new postshift growth rate; the increase is equal to the ratio p.2/,. (see Appendix). This step reflects mainly a redistribution of RNA polymerase molecules over the genes for rRNA, tRNA, and mRNA (11) . The redistribution of polymerase is assumed to be brought about by a guanosine tetraphosphate-mediated differential change in the affinity of RNA polymerase for the promoters of the genes for rRNA, tRNA, and mRNA (28) .
The continued exponential increase in the rate of RNA synthesis cannot be explained by these two effects alone; further regulation must occur, for example (3, 4) : (i) Ribosomal protein (r protein) synthesis is induced. This induction is less than the induction of stable RNA genes (5, 10); e.g., for a 3-fold increase in rRNA synthesis, a 1.5-to 2-fold increase in the synthesis of mRNA for r protein is sufficient to match r protein to rRNA synthesis, since mRNA is translated more frequently after the shift (10, 13) .
(ii) RNA polymerase synthesis is induced at the same time, and to the same extent, as r protein induction. Earlier studies indicated that RNA polymerase synthesis increases only slowly over a period of 60 min after a shift-up (22) . In this case, a temporary drop in the rate constant of RNA accumulation is expected to occur during the first 60 min after a shift-up (4) . A more recent study indicates that RNA polymerase synthesis after a shift-up increases much faster, like r protein synthesis (16) . Consistent with this recent result is the observation here that the doubling time of RNA is constant during postshift growth.
As long as little is known about the regulation of ribosomal protein and RNA polymerase synthesis, we will not understand the exponential increase in RNA (per unit of culture volume) after a shift-up. Formally, this exponential increase is characterized by the change in Relation that restricts the values of the growth parameters. On the average, the ratio of the steady-state amounts of RNA and DNA (RNA/DNA) is proportional to the bacterial growth rate ,u (Fig. 2) ple, the initiation of DNA replication might be regulated in a way that the genome activity is approximately constant and optimal. However, the observed growth rate dependency of the genome activity is such that, in slow-growing bacteria, the DNA is greatly "underemployed," suggesting that, generally in bacteria, the amount of DNA is not limiting transcription. Although this appears to be uneconomical, it has the advantage that these cells can rapidly adapt to improved growth conditions: any section of the genome can be quickly activated. This is illustrated by the initial step in the RNA curve in Fig. 8 and 9 , which shows a sudden increase in the activity of the stable RNA genes at the time of the shift-up. Variability of growth parameters. In different shift-up experiments, the parameters k, and k2 (i.e., presumably the pre-and postshift values of the ribosome efficiency and of the differential rate of synthesis ofreplication initiation protein) vary to some extent. This variability also affects the restricting relationship mentioned above, which is true only on the average. For any particular shift-up the relation becomes (k1/k2) = x(A2j1aj), wherex = 1.0 + 0.3. The factor x is equal to the extrapolation value for t-*O of the DNA rate kinetics: for the average shift-up, the postshift DNA rate kinetics extrapolates to 1.0 for t-0 (Fig. 8a) . In a particular shift-up, the extrapolation value may be greater or smaller than 1.0; in the experiment of Fig. 5 , the extrapolation value was 0.7 ( Fig. 8b) . A value of x = 1.0 means that the rate of DNA synthesis shortly after the shift-up is equal to the rate shortly before the shift-up. This suggests that the velocity of traveling replication forks does not immediately change, i.e., that the C period (= time to replicate the chromosome [81) is not rapidly affected by the shift-up. In a shift from succinate to glucose + amino acids medium, one might expect an increase in this velocity (8) , but not a sudden decrease, as seen in Fig. 8b (solid-line DNA curve). This consideration makes the curve obtained by graphic differentiation (Fig. 8b , dashed-line DNA curve) more likely; i.e., the DNA accumulation curve in Fig. 5 shows no visible break (neither decrease nor increase in the slope) at t = 0, suggesting an at least initially constant C period.
Further, an extrapolation value of 1.0 generates the proportionality of the steady-state amount of RNA per DNA with the bacterial growth rate seen in Fig. 2c (see above) . This proportionality was previously thought to be important for the regulation of the bacterial growth rate (e.g., references 17 and 21). How-ever, the variability of x observed here indicates that the proportionality of RNA/DNA with ,u has no absolute validity and supports the idea that this relation is not the direct expression of a regulatory mechanism, but rather a fortuitous result of the values of k, and k2 (13) . APPENDIX Kinetic equations for RNA, protein, and DNA accumulation. The postshift accumulation of RNA (R) per unit of culture volume can be described by the exponential function (Fig. 5) :
where Ro is the amount of RNA at zero time (= shift time), k = In2/60 (hours per minute), and p2 = postshift steady-state growth rate (doublings per hour).
The postshift accumulation of protein (P) was previously calculated (4) from the number (N,) of ribosomes and the ribosome efficiency (e,), defined (20, 31) by dP/dt
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in Fig. 7 were calculated using the following parameters (from Table 2 (5c) The (normalized) preshift kinetics (for t < 0) are identical:
The number of ribosomes was assumed to be proportional to R (from equation 1; the factor ofproportionality is included in the value ofPO below). and Nr -R. The ratio (e,2/e,,) is equal to the zerotime step in the kinetics of the protein synthesis rate (Fig. 8-10) .
The postshift accumulation of DNA:
(5a) is obtained from Fig. 6 :
(5b k2= (P/D)1/(P/D)2 Calculation of the kinetic curves for the average shift-up in Fig. 7 and 8a. The accumulation kinetics R = P = D = ek' = 0.00774t (6) The absolute values for 108 cells per ml at zero time were found by assuming 1.61 genome equivalents per cell for succinate-grown bacteria (i.e., at t = 0) and 7.6 x 106 DNA nucleotides per genome (7, 8) ; the values for R1 and P1 were multiplied with 1.61 genomes per cell x 108 cells per ml, and then converted to micrograms.
For the rate kinetics in Fig. 8a , equations 6 (for t < 0), lb, 3c, and 5c (for t > 0) were differentiated and normalized (to The factor (1.0) in equation 9a implies that the amount of RNA per DNA is proportional to the growth rate ,u, which is true on the average (Fig. lb  of reference 13 ; Fig. 2 of this paper), but not for any particular pair of cultures (Fig. 2) . Calculation of the kinetic curves for the particular shift-up in Fig. 5b and 8b . The curves in Fig. 5b were calculated using the following parameters: i,u = 0.74 doublings per h (experiment 3 of Table 1 (Fig. 6b) ; (P/D)1/(P/D)2 = 0.55 (Fig. 6b) . These parameters give the following accumulation kinetics (for t > 0) of Fig 
